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Introduction
Silicon carbide (SiC) is a very attractive material for high voltage, high power switching devices because of its wide bandgap, high breakdown field, wide operating temperature and high thermal conductivity [1, 2] . In the case of high voltage devices, edge termination plays an important role in determining the breakdown voltage of the device. The mesa edge termination has been demonstrated to yield nearly ideal breakdown voltage for 6H-SiC p-n junctions [3] . However, such an approach may not be attractive because of the nonplanar surface, which is difficult to passivate. Moreover, in case of 4H-SiC, ideal breakdown voltage could not be achieved using mesa edge termination [3] . For 4H-SiC, planar edge termination can be more useful one rather than mesa edge termination.
In this paper, the breakdown characteristics of 4H-SiC p-n diode with internal rings are presented. The p-n diode is fabricated using a 10um thick epilayer with doping concentration of 5.4X10 15 /cm 3 . In our research, either a single or two IRs is introduced to estimate the effect on the reverse breakdown characteristics.
Device Fabrication
A cross sectional view of the device is shown in Fig. 1 14 /cm 2 , respectively. The implants are activated in a furnace at 1700°C for 30min in Ar ambient. Before the activation annealing, the samples are coated with graphite cap layer to avoid surface sublimation during the high temperature process. In order to form the ohmic contacts, Ni/Ti layers are deposited on p+ implanted region as well as the backside of the substrate and then annealed at 950°C for 90sec in Ar ambient. The distance between main junction and the first IR(W 1 ) is varied from 3um to 7um for obtaining an optimum breakdown voltage. Distance between 1 st and 2 nd IR(W 2 ) is fixed at 5um. 
Results and Discussion
In high voltage semiconductor devices, the breakdown often occurs at surface instead of bulk. For the fabrication of high voltage devices, therefore, it is crucial that maximum electric field should be crowded at the bulk region instead of the surface. Fig. 2 shows the one-dimensional electric field distribution under the applied voltage of 1812V along the interface between SiC and surface oxide (a-a' line in Fig. 1 ) and at the 0.65um deep bulk (b-b' line) where IR is buried. The electric field characteristics of the device are verified by using the two-dimensional device simulator ATLAS [4] . The electric fields at the interface between SiC and oxide are lower than those in the bulk. The peak electric field at the surface is also lower than that at the outer edge of the 2 nd IR, implying that the breakdown occurs at the edge of the 2 nd IR. It contributes to the improvement of breakdown voltage of the device due to high critical electric field of SiC.
Two-dimensional electric field distribution of the diode is shown in Fig. 3 . As shown in the figure, electric field crowding occurs at the outer corner of the 2 nd IR which means device breakdown occurs at the corresponding site. Red circle means the position of the maximum electric field occur. difference, than those with other distances such as 3um or 7um. The measured breakdown voltage values, however, show no distinguishable differences with respect to the distance. Therefore, the breakdown voltage of p-n diode with IR is less sensitive to the distance between main junction and 1 st ring unlike other edge termination techniques [5] . It implies that IR termination technique is more practical and more reliable method by minimizing the technological fluctuations for the fabrication of SiC high voltage devices.
Measured breakdown characteristic of the diode is shown at Fig. 5 . The maximum breakdown voltage of 1812V is obtained in the diodes with two IRs when W 1 =W 2 =5um. Breakdown voltage of 1720V is also obtained in the diode with a single IR. These breakdown voltages are higher than those of other edge termination techniques [6] . Fig. 6 shows the photo of the fabricated rectangular and circular p-n diodes. Each type of the device has two IRs and the distance of W 1 and W 2 is fixed at 3um and 5um, respectively. The radius of the cell corner in the rectangular cell is varied from 10um to 40um in order to investigate the effect of the cell corner curvature.
Breakdown voltages of the rectangular and circular p-n diode cell are shown in Fig. 7 . Regardless of the cell shape, p-n diodes have similar breakdown voltage. Fig. 7 reveals that not only the cell shape but also the radius of the corner gives little effect on the breakdown voltage of 4H-SiC p-n diode, which is unlike silicon device that shows a relationship between breakdown voltage and such geometric factors. It seems that the higher critical electric field of SiC may result in such an insensitive behavior of breakdown voltage to cell corner curvature. The insensitivity of the 
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breakdown voltage to the geometrical factors like cell curvature can also be an advantage of SiC device that increases the design tolerance.
Conclusion
In this paper, we demonstrate the breakdown characteristic of the 4H-SiC p-n diode with IR edge termination technique. Due to the internal rings, the peak electric field at the SiC-oxide interface is lower than that at the outer edge of the 2 nd ring. Therefore breakdown of the diode occurs at the outer edge of the 2 nd ring, which contributes to the improvement of breakdown voltage of the device. Measured breakdown voltage is 1812V in the diode with two IR when W 1 =W 2 =5um, while 1720V of breakdown voltage is obtained in that with a single IR. The effect of the cell corner curvature on the breakdown voltage is also investigated. The breakdown characteristic of the diode is not affected by the cell radius ranging from 10 to 40um, which seems due to the high critical electric field of SiC. From the simulation and experimental results, IR edge termination technique is useful planar termination method to improve the breakdown voltage of the 4H-SiC p-n diode.
